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SUMMARY 
An i n v e s t i g a t i o n  was made of t h e  f e a s i b i l i t y  of r e s i s t a n c e  s p o t  
a welding 2014 aluminum, 304 s t a i n l e s s  s t e e l ,  and Ti-6A1-4V a l l o y  i n  a hard 
vacuum (5 x 
Phase I cons is ted  of p l ann ing  t h e  exper imenta l  program and p h y s i c a l  
equipment. Phase I1 c o n s i s t e d  of making weldments both i n  a i r  and i n  vacuum 
us ing  convent iona l  resistance welding techniques .  
eva lua ted  by i n s p e c t i o n  of X-ray f i l m s  and weld c r o s s  s e c t i o n s .  I n  Phase 111, 
t h e  tensile s h e a r  s t r e n g t h  o f  t h e  welds w a s  determined. 
d a t a  were ana lysed  t o  show i n  what ways welds made i n  a i r  d i f f e r e d  from 
those  made i n  a vacuum. 
de te rmining  welding cond i t ions  i n  space  once t h e  welding cond i t ions  i n  a i r  
are known. A f i n a l  a n a l y s i s  of t h e  program r e s u l t s  was performed i n  Phase I V  
, t o  determine what f u n c t i o n  and c a p a b i l i t i e s  would be r equ i r ed  f o r  s p o t  welding 
i n  space.  A d i s c u s s i o n  o f  d e s i r a b l e  f e a t u r e s  and recommendation of g u i d e l i n e s  
f o r  equipment d e s i g n  was a l s o  included. 
c r i te r ia  f o r  t h e  des ign  o f  p o r t a b l e  spot-welding equipment t o  be used 
i n  j o i n i n g  materials i n  space.  
t o r r ) .  The program w a s  c a r r i e d  o u t  i n  f o u r  phases.  
Weldment q u a l i t y  w a s  
I n  a d d i t i o n ,  t h e  
The r e s u l t i n g  graphs provide  g u i d e l i n e s  f o r  
The d a t a  from the  program provided 
Spot welding i s  judged t o  be an e x c e l l e n t  cand ida te  process  
f o r  welding i n  space ,  s u i t a b l e  t e n s i l e  s h e a r  s t r e n g t h s  can be obta ined  
w i t h  low e l e c t r o d e  f o r c e s  and longer  welding t i m e s  (up t o  0.85 second). 
P rov i s ion  f o r  t h e s e  longer  welding t i m e s  could dec rease  welding c u r r e n t  
requirements.  Titanium and p o s s i b l y  aluminum may r e q u i r e  inc reased  welding 
c u r r e n t s  a f t e r  prolonged exposure t o  a vacuum environment. 
Recommendations are made f o r  a d d i t i o n a l  s t u d i e s ' o f  r e s i s t a n c e  s p o t  
welding i n  a vacuum t o  determine s u r f a c e  p r e p a r a t i o n  techniques ,  e f f e c t s  of 
prolonged exposure t o  a vacuum, and t h e  e f f e c t  o f  ambient temperature.  
BACKGROUND 
The planned placement of space s t a t i o n s  i n  o r b i t  f o r  use as 
in t e rmed ia t e  s t o p s  on deep space  f l i g h t s  r e q u i r e s  techniques f o r  j o i n i n g  
assembl ies  i n  space.  
a p p l i c a b l e  f o r  use  i n  space .  One problem encountered i n  j o i n i n g  is  containment 
o f  t h e  weld meta l  s i n c e  t h e  weld pool produced by most welding processes  would 
be  d i spe r sed  beyond t h e  j o i n t  i n  t h e  absence o f  g r a v i t a t i o n a l  f o r c e s .  Another 
problem is  t h e  d i f f i c u l t y  of -  p r e c i s e  manual manipula t ion  of equipment i n  
space.  Res i s t ance  s p o t  welding is  a good cand ida te  process  because t h e  
molten weld pool  i s  surrounded wi th  s o l i d  metal ,  i t  r e q u i r e s  l i t t l e  manual 
d e x t e r i t y ,  and i t  only  r e q u i r e s  power f o r  very  s h o r t  pe r iods  of t i m e .  
Many o f  t h e  p r e s e n t  welding processes  are n o t  
1 2 
A g e n e r a l  s e a r c h  of t h e  a v a i l a b l e  l i t e r a t u r e  revea led  on ly  
two i n s t a n c e s  where s p o t  welds had been made i n  a vacuum. Ba t t e l l e  (a) 
- s p o t  welded molybdenum, z i r c m i u m ,  and uranium i n  a vacuum when welds 
Hughes made i n  a i r  were found t o  have low and i n c o n s i s t e n t  s t r e n g t h .  
A i r c r a f t  Company@) repor t ed  t h a t  they  could make r e s i s t a n c e  s p o t  
welds i n  n i c k e l  and t i t a n i u m  a l l o y s  i n  a vacuum. Nei ther  of t h e s e  programs 
i n v e s t i g a t e d  t h e  d i f f e r e n c e s  between t h e  welding parameters r equ i r ed  t o  
make optimum welds i n  a vacuum as compared t o  a i r .  
, 
The fo l lowing  r e p o r t  d e s c r i b e s  r e s e a r c h  conducted t o  show whether 
resistance s p o t  welds made i n  a vacuum have d i f f e r e n t  c h a r a c t e r i s t i c s  o r  
q u a l i t y  from welds made i n  a i r .  In a d d i t i o n ,  t h e  r e p o r t  d e s c r i b e s  d a t a  
obta ined  t o  a i d  i n  t h e  des ign  of a p o r t a b l e  r e s i s t a n c e  s p o t  welder f o r  
use  i n  space .  
MATERIALS 
The materials s e l e c t e d  f o r  s tudy  were 2014-T651 aluminum a l l o y  
The chemical a n a l y s i s  of t h e  t i t a n i u m  a l l o y  
0.032 inch  t h i c k ,  304 s t a i n l e s s  sLee l  0.063 inch  t h i c k ,  and Ti-6A1-4V 
a l l o y  0.063 inch  t h i c k .  
i ngo t  w a s  ob ta ined  and appears  below: 
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* Except hydrogen, which i s  g iven  i n  p a r t s  p e r  m i l l i o n .  
To minimize material v a r i a t i o n s ,  o n l y  one l o t  of each a l l o y  was used. 
(a) "A M e t a l l u r g i c a l  Study of Molybdenum", Four teenth  Q u a r t e r l y  Report;  
December, 1952; Battelle Memorial I n s t i t u t e ,  Columbus, Ohio, Of f i ce  
of Naval Research Cont rac t  Number N9onr 82101 
(b) Enqu i s t ,  R. D.  and Nord, D.  B . ;  "Study of Space Environment F a b r i c a t i o n  
and Repair Techniques", F i n a l  Report;  December 1966; Hughes A i r c r a f t  
Company, Culver C i t y ,  C a l i f o r n i a ;  NASA Con t rac t  NAS9-4548 
3 
EQUIPMENT 
, P  I 
Welding w a s  conducted us ing  s ingle-phase a-c welders  w i th  
i g n i t r o n  e l e c t r o n i c  con tac to r s .  F igure  1 shows t h e  p r i n c i p a l  equipment 
used. A s t a i n l e s s  s t e e l  vacuum chamber was p laced  w i t h i n  t h e  t h r o a t  of 
t h e  welders .  The upper welding e l e c t r o d e  was allowed t o  move w i t h i n  
t h e  chamber through a s l i d i n g  vacuum seal i n  the  chamber wall. 
chamber f i x t u r e  he ld  f o u r  specimens, which could be pos i t i oned  between t h e  
e l e c t r o d e s  by moving a s h a f t  connected t o  t h e  f i x t u r e  and p ro t rud ing  from 
t h e  l e f t  s i d e  of t h e  chamber. The chamber was connected t o  a 6-inch- 
diameter  d i f f u s i o n  pumping system equipped wi th  a chevron-type l i q u i d -  
n i t r o g e n  cooled t r ap .  F igure  2 shows two specimens he ld  i n  t h e  f i x t u r e  
w i t h  one specimen pos i t i oned  f o r  welding. 
The 
The t i t a n i u m  and s t a i n l e s s  steel  specimens were welded us ing  t h e  
P r e c i s i o n  50 kva welder  shown i n  F igure  1. The aluminum specimens r equ i r ed  
a welder w i th  a h igher  c u r r e n t  c a p a c i t y  because of t h e  t h r o a t  opening 
needed t o  accomodate the  chamber. Aluminum specimens were welded wi th  a 
Taylor-Winf i e l d  150 kva welder .  
A Duffers  Model 276 C c u i r e n t  ana lyze r  was c a l i b r a t e d  and used t o  






The fo l lowing  s e c t i o n s  d e s c r i b e  procedures  used f o r  specimen 
1 
J 
p r e p a r a t i o n ,  welding,  and t e s t i n g .  The procedures  were designed t o  in su re  
c o n s i s t e n t  r e s u l t s  and a c c u r a t e  comparison between a i r  and vacuum welding. 
Specimen P repa ra t ion  
The s h e e t  used du r ing  t h i s  i n v e s t i g a t i o n  was sheared i n t o  1 by 5-inch 
s t r i p s .  The s t r i p s  were degreased t o  remove gross  contaminants such as o i l  
o r  marking inks .  Aluminum and s t a i n l e s s  s t ee l  specimens were degreased i n  
acetone,  b u t  methyl e t h y l  ketone w a s  used f o r  t i t an ium s t r i p s  s i n c e  i t  removed 
the  marking ink  more r e a d i l y .  The degreased s t r i p s  w e r e  s t o r e d  i n  a c l e a n  
a i r  environment and f i n a l l y  c leaned j u s t  p r i o r  t o  welding. 
3a 
4 
M 1 / 2  x 40375 
5 
Cleaning P r i o r  t o  Welding 
Specimens were cleaned w i t h i n  two hours of welding wi th  t h e  
except ion  of s e v e r a l  aluminum specimens. 
w e r e  c leaned and then  s t o r e d  i n  a vacuum-evacuated con ta ine r  t o  minimize 
s u r f a c e  o x i d a t i o n  and oxide hydra t ion .  P r i o r  t o  welding, they were 
reexposed t o  a i r  f o r  a t  least 30 minutes.  
These aluminum specimens 
I 
The c l ean ing  procedures  used are given i n  Table 1. 
designed t o  provide  uniform s u r f a c e s  w i t h  a minimum amount of  s u r f a c e  
r e a c t i o n  products .  The s t a i n l e s s  s t ee l  s u r f a c e s  were a l r e a d y  s u f f i c i e n t l y  
uniform and were only  degreased. Af t e r  c l ean ing ,  t he  specimens were 
inspec ted  f o r  any v i s i b l e  d i s c o n t i n u i t i e s  such as gouges o r  s t a i n s  on 
They were 
. t h e  su r face .  Specimens con ta in ing  v i s i b l e  imperfec t ions  were d iscarded .  
! 
1 
T A B E  1. CLFANING PROCEDURES PRLOR TO WELDING F 
A. 2014 Aluminum Alloy 
1. Degrease i n  c .p .  ace tone  and wipe d ry  
2. E tch  i n  sodium hydroxide (40 grams NaOH p e r  l i t e r )  a t  
3 .  Rinse i n  running water  w i th  a g i t a t i o n  of specimen 
4. Br ighten  i n  n i t r i c  a c i d  (50 pe rcen t  by volume) a t  room 
5. Rinse i n  running t a p  water wi th  a g i t a t i o n  of specimen 
6 .  A i r  d r y  
7. I n spec t  f o r  water marks and r e p e a t  process  i f  any s t a i n  i s  v i s i b l e .  
160 F f o r  30 seconds 
temperature  f o r  15 seconds 
B. 304 S t a i n l e s s  S t e e l  Alloy 
1. Degrease i n  c .p .  ace tone  
2. A i r  d r y  
C .  Ti-6A1-4V Alloy 
1. Degrease i n  c .p .  acetone 
2 .  
3. Rinse i n  running t a p  water 
4. A i r  d r y  
Etch  i n  ac id  s o l u t i o n  (2 HF, 10 HNO3, 88 H20) a t  room temperature  
Welding 
A s  i nd ica t ed  p rev ious ly ,  t he  s t a i n l e s s  s t e e l  and t i t an ium 
specimens were welded on t h e  P r e c i s i o n  50 kva s p o t  welder  shown i n  F igure  1. 
The aluminum a l l o y  welds were made w i t h  a 150 kva Taylor-Winfield s p o t  welder 
u s ing  t h e  same vacuum equipment. 
performed i n  the  chamber u t i l i z i n g  t h e  l o c a t i n g  mechanism shown. There 
were, t h e r e f o r e ,  no d i f f e r e n c e s  i n  the  e x t e r n a l  magnetic f i e l d  and no 
r e s u l t a n t  d i f f e r e n c e s  i n  t h e  secondary c i r c u i t  impedance f o r  t h e  welds made 
i n  a i r  and t h e  welds made i n  a vacuum. 







, .  
i ,. , 
The c leaned  specimens were handled by t h e i r  edges away from 
t h e  weld area when p laced  i h  the  l o c a t i n g  f i x t u r e .  
w a s  supported on t e f l o n  i n s u l a t o r s  a t  t h r e e  p o i n t s  wh i l e  t he  upper 
specimen w a s  supported by t h e  lower specimen a t  one end and t e f l o n  a t  
t h e  o t h e r  end. The t o o l i n g  provided l i t t l e  r e s t r a i n t  and allowed t h e  
specimens t o  bend e a s i l y  du r ing  welding. Th i s  f z e x i b i l i t y  a s su red  t h a t  
t h e  lower specimen r e s t e d  f i rmly  on t h e  lower e l e c t r o d e  du r ing  welding. 
The lower specimen 
E lec t rodes  
The water-cooled e l e c t r o d e s  extended through a s l i d i n g  seal  i n t o  
t h e  chamber and were c a r e f u l l y  a l igned  p r i o r  t o  welding. 
t i p s  were made of a copper a l l o y  meeting t h e  s p e c i f i c a t i o n  f o r  RWMA Class 2 .  
The t i p  d iameter  was 5 /8  inch  and t i p  r a d i u s  as fo l lows:  
The e l e c t r o d e  
A 1  l o y  S p h e r i c a l  Radius of T i p ,  inches  
2014 Aluminum 





The t i p s  were changed be fo re  wear became apparent ,  gene ra l ly  a f t e r  every  
60 welds. 
Welding Var i ab le s  
The v a r i a b l e s  s e l e c t e d  f o r  s tudy  w e r e  welding c u r r e n t ,  welding 
t i m e ,  and e l e c t r o d e  f o r c e  du r ing  welding. The welding c u r r e n t  w a s  c o n t r o l l e d  
by t h e  a d j u s t a b l e  secondary t ap  s e t t i n g s  of t h e  welder.  
w a s  r egu la t ed  e l e c t r o n i c a l l y  by t h e  a d j u s t a b l e  s e t t i n g s  of t h e  welder 
c o n t r o l s .  The e l e c t r o d e  f o r c e  w a s  ad jus t ed  by va ry ing  t h e  a i r  p r e s s u r e  i n  
t h e  pneumatic c y l i n d e r  t h a t  a c t i v a t e d  t h e  upper e l e c t r o d e .  
The welding t i m e  
Welding Cycle 
A simple welding c y c l e  w a s  used w i t h  downslope employed f o r  
on ly  a few aluminum welds. A l l  welds w e r e  made a t  t h e  100 pe rcen t  h e a t  
s e t t i n g .  Pu l s ing  was n o t  used and a s i n g l e  e l e c t r o d e  f o r c e  was app l i ed  
throughout t he  cyc le .  
c o r r e l a t i n g  t h e  a i r  p r e s s u r e  a c t i v a t i n g  t h e  a i r  c y l i n d e r  and t h e  f o r c e  
between t h e  e l e c t r o d e s  a s  measured wi th  a c a l i b r a t e d  load ce l l .  The 
va lues  r epor t ed  f o r  e l e c t r o d e  f o r c e  have a probable  Ifr 25-pound v a r i a t i o n .  
The va lue  of t he  e l e c t r o d e  f o r c e  w a s  determined by 
The welding c u r r e n t  was determined by a c u r r e n t  ana lyze r .  The 
On s e v e r a l  
c u r r e n t  va lues  r epor t ed  are r m s  va lues .  The same c u r r e n t  ana lyze r  determined 
t h e  welding t i m e  i n  h a l f  cyc le s  on a 60 cyc le  p e r  second base.  
occas ions ,  t h e  c u r r e n t  ana lyzer  i n d i c a t e d  t h a t  a c t u a l  welding t i m e  w a s  
less than what t h e  welding mschine w a s  se t  f o r .  This  occurred w i t h  both  
welders and i n d i c a t e s  t h e  n e c e s s i t y  f o r  monitoring s p o t  welders.  I n  t h e s e  
cases, t h e  specimen was d i sca rded  and a new weld made wi th  t h e  proper welding 
t i m e .  The welding c u r r e n t  f l u c t u a t e d  & 5 pe rcen t  a t  most t a p  s e t t i n g s  
due t o  v a r i a t i o n s  i n  t h e  ou tpu t  of t he  welder w i t h  extended use .  Current 
7 
3 . -  
I 
- f l u c t u a t i o n  were a l s o  suspec ted  t o  be  caused by l o c a l  d i f f e r e n c e s  a t  
the weld i n t e r f a c e .  
- errat ic .  There was no a t t empt  made t o  change c u r r e n t  t o  minimize t h e s e  
v a r i a t i o n s  by us ing  o t h e r  t a p  o r  h e a t  s e t t i n g s  s i n c e  t h e  i n t e n t  of t h e  
program w a s  t o  determine how t h e  welding va lues  v a r i e d  a t  t h e  same 
machine s e t t i n g  f o r  welding i n  a vacuum as compared t o  welding i n  a i r .  





Procedures f o r  welding i n  a i r  and i n  a vacuum were the same 
except  t h a t  t i m e  was r equ i r ed  t o  e s t a b l i s h  a hard vacuum. Pumping t i m e  
ranged from 20 t o  30 minutes. This w a s  determined by t h e  ra te  o f  
rise measured when t h e  chamber w a s  c l o s e d  o f f  from the pumping system f o r  
t h r e e  minutes.  The maximum rate o f  p r e s s u r e  r i se  allowed was 6 x 
t o r r  over  t h e  three-minute per iod .  I f  t h e  chamber p r e s s u r e  rise w a s  g r e a t e r  
than  t h i s ,  t h e  chamber w a s  pumped f o r  a n  a d d i t i o n a l  t i m e  u n t i l  t h e  p r e s s u r e  
r i se  w a s  accep tab le .  Measurement o f  t h e  rate of p r e s s u r e  rise e l i m i n a t e s  
t h e  p o s s i b i l i t y  o f  excess ive  amounts of contaminants,  due t o  ou tgass ing  and 
l e a k s ,  be ing  pumped p a s t  t h e  specimens du r ing  welding and contaminat ing  
t h e  weld. Rate of p r e s s u r e  r ise  measurements are t h e r e f o r e  a b e t t e r  i n d i c a t i o n  
of t h e  s u r f a c e  c l e a n l i n e s s  than  t h e  u l t i m a t e  vacuum. The p r e s s u r e  r ise over  
a pe r iod  of t h r e e  minutes w a s  t y p i c a l l y  3 x 10-4 t o r r .  
vacuum w a s  t y p i c a l l y  2 x t o r r  b u t  v a r i e d  from 8 x 10-7 t o r r .  When 
t h e  upper e l e c t r o d e  moved through t h e  vacuum sea l  du r ing  t h e  welding c y c l e  
t h e  p r e s s u r e  i n  t h e  chamber was observed t o  i n c r e a s e  t o  about 6 x 10-5 t o r r  
and then  drop back t o  t h e  10-6 t o r r  range. 
p r e s s u r e  
The u l t i m a t e  
Four welds were made consecu t ive ly  a f t e r  each pumpdown. 
a l l  f o u r  specimens w e r e  welded, t h e  chamber w a s  b a c k f i l l e d  and specimens 
f o r  t h e  next  f o u r  welds were p laced  i n  t h e  f i x t u r e .  The chamber w a s  pumped 
down and t h e  welding process  r epea ted .  F igure  3 shows t h e  dimensions of 
t h e  welded specimens. The specimens i s  s imilar  b u t  n o t  completely 
i d e n t i c a l  t o  t h e  s t anda rd  AWS* specimen f o r  t e s t i n g  s i n g l e  s p o t  welds i n  
these s h e e t  t h i cknesses .  
A f t e r  
T e n s i l e  T e s t i n g  
A f t e r  welding, t h e  specimens were f i r s t  X-rayed and then  t e s t e d  i n  
t ens i le  shea r .  The specimens were gr ipped  s e c u r e l y  by clamps on e i t h e r  end 
and loaded a t  a r a t e  of approximately 150 pounds p e r  minute f o r  t he  2014 
aluminum specimens and 1500 pounds p e r  minute f o r  t h e  t i t a n i u m  and s t a i n l e s s  
steel  specimens. The maxiumum load  app l i ed  du r ing  t h e  t es t  t o  f a i l u r e  was 
determined by a c a l i b r a t e d  dynamometer. The maximum load was recorded and 
is  r epor t ed  as t h e  t e n s i l e  s h e a r  load  of t h e  weld. 
i 
* See "Recommended P r a c t i c e s  f o r  Res i s t ance  Welding ( C l .  1-66), American 
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There were no problems w i t h  t h e  specimens s l i p p i n g  i n  t h e  
clamps and the  e f f e c t s  of any misalignment were s l i g h t .  The manner i n  
which t h e  specimen f a i l e d  w a s  observed and recorded by the ope ra to r .  
None of t h e  spec'imens f a i l e d  from cracks  propagat ing  from the  sheared 
edges of t h e  specimens. 
X-Radiography and Metallography 
A f t e r  welding, X-rays were prepared of each specimen us ing  
f ine-gra ined  f i lm .  The X-ray f i lms  had good c o n t r a s t  and high s e n s i t i v i t y .  
These X-rays were inspec ted  and any d i s c o n t i n u i t i e s  found were recorded.  
In  a d d i t i o n ,  a t o t a l  o f  20 s t a i n l e s s  s tee l  welds were prepared 
and then  c u t  and pol i shed  through t h e  weld c e n t e r  t o  show t h e  weld 
s t r u c t u r e  . 
RESULTS 
The most s i g n i f i c a n t  d i f f e r e n c e  between the  q u a l i t y  and 
c h a r a c t e r i s t i c s  of welds made i n  a i r  and welds made a t  t h e  same welding 
machine s e t t i n g  i n  a vacuum w a s  shown by t h e  t e n s i l e  shea r  s t r e n g t h  d a t a .  
The fo l lowing  s e c t i o n s  p r e s e n t  t h e  r e s u l t s  ob ta ined  and o t h e r  s i g n i f i c a n t  
observa t ions .  
E f f e c t  of Var iab les  on Tens i l e  Shear S t r eng th  
I n i t i a l l y ,  a b r i e f  a n a l y s i s  was made us ing  computer-aided s t a t i s t i c a l  
a n a l y s i s  of t he  r e s u l t s  t o  provide a q u a n t i t a t i v e  express ion  of t h e  r e l a t i o n -  
s h i p s  between welding parameters  and a l s o  t o  make maximum use  of t he  r e s u l t s  
ob ta ined .  The s t a t i s t i ca l  a n a l y s i s  gave l imi t ed ,  bu t  i n t e r e s t i n g  r e s u l t s  
t h a t  are r epor t ed  below. 
S t a t i s t i c a l  Analysis  
A pre l iminary  a n a l y s i s  w a s  made of t h e  d a t a  obta ined  from welding 
s t a i n l e s s  s t e e l  i n  a i r .  Data were obta ined  f o r  t h r e e  welding-current  
s e t t i n g s ,  t h r e e  welding-time s e t t i n g s ,  and th ree  e l ec t rode - fo rce  s e t t i n g s .  
Three r e p l i c a t i o n s  were made a t  each of t h e  27 combinations of welding 
cond i t ions .  The f i r s t  problem encountered i n  t h e  a n a l y s i s  w a s  the  v a r i a t i o n  
i n  measured c u r r e n t  between success ive  welds made a t  t he  same t a p  s e t t i n g s .  
The c u r r e n t  v a r i a t i o n  made i t  necessary  t o  use t h e  t a p  s e t t i n g  r a t h e r  than  
t h e  a c t u a l  weld c u r r e n t  as inpu t  i n  the  computed r e l a t i o n s h i p s .  The computer 
program u t i l i z e d  performed a r e g r e s s i o n  and va r i ance  a n a l y s i s  on t h e  d a t a .  
The r e s u l t s  showed t h a t  weld t e n s i l e  shea r  s t r e n g t h  was most s i g n i f i c a n t l y  
a f f e c t e d  by weld c u r r e n t ,  followed i n  o r d e r  of s i g n i f i c a n c e  by t i m e ,  and a 
combination f a c t o r  of c u r r e n t  m u l t i p l i e d  by e l e c t r o d e  fo rce .  I n t e r e s t i n g l y ,  
c u r r e n t  m u l t i p l i e d  by t i m e  was one of t he  l e a s t  s i g n i f i c a n t  f a c t o r s  s t u d i e d .  
10 
The va lue  of R2,  the  c o e f f i c i e n t  of de te rmina t ion ,  f o r  t h i s  a n a l y s i s  
w a s  0.99, i n d i c a t i n g  an e x c e l l e n t  c o r r e l a t i o n  between t h e  d a t a  and t h e  
c a l c u l a t e d  equat ion  l i n k i n g  t h e  s i g n i f i c a n t  f a c t o r s  t o  weld s t r e n g t h .  The 
va lue  of R2 a l s o  ind ica t ed  c o n s i s t e n t  r e s u l t s  from t h e  experimental  work. 
Desp i t e  t h e  good f i t  between t h e  computed equat ion  l i n k i n g  weld 
s t r e n g t h  w i t h  welding parameters ,  s t a t i s t i c a l  a n a l y s i s  had some drawbacks. 
The l i m i t e d  range of experimental  v a r i a t i o n s  t h a t  could be s t u d i e d  a t  one 
t i m e  by s ta t i s t ica l  a n a l y s i s ,  t he  d i f f i c u l t y  of ob ta in ing  r ep roduc ib le  weld 
c u r r e n t s ,  and t h e  ease wi th  which l a r g e  numbers of specimens could be 
welded and t e n s i l e  t e s t e d  a l l  made t h e  use  of computer-aided s t a t i s t i ca l  
a n a l y s i s  imprac t i ca l .  The r e s u l t s  presented  i n  t h i s  program w e r e  analyzed 
q u a l i t a t i v e l y .  The cons i s t ency  of t he  r e s u l t s  ob ta ined ,  as shown by t h e  
s t a t i s t i ca l  a n a l y s i s ,  made it p o s s i b l e  t o  draw curves  through p l o t t e d  
p o i n t s  t o  p r e s e n t  t h e  r e s u l t s  g raph ica l ly .  
Q u a l i t a t i v e  Analysis  
Genera l ly ,  t h e  d a t a  obta ined  were c o n s i s t e n t  and easy  t o  
ana lyze  q u a l i t a t i v e l y .  
found t o  be p l o t s  of weld t e n s i l e  shea r  s t r e n g t h  ve r sus  the  welding 
c u r r e n t .  These p l o t s  are presented  and d iscussed  i n  t h e  fo l lowing  s e c t i o n s  
f o r  each a l l o y .  
The m o s t  va luab le  p r e s e n t a t i o n  of d a t a  w a s  
2014 Aluminum Alloy. The d a t a  f o r  t he  aluminum a l l o y  welds were 
t h e  l eas t  c o n s i s t e n t  ob ta ined .  E r r o r s  may have been caused by the  150 kva 
welder ,  s i n c e  t h i s  equipment maintained l e s s  c o n s i s t e n t  welding t i m e s  and 
e l e c t r o d e  f o r c e s  than t h e  P r e c i s i o n  welder used f o r  t he  o t h e r  m a t e r i a l s .  
c 
Figures  4 ,  5, and 6 show t h e  s c a t t e r  i n  d a t a .  Recommended* cond i t ions  
f o r  welding 0.032-inch-thick aluminum a l l o y s  are 26,000 amperes f o r  s i x  
cyc le s  wi th  500 pounds welding f o r c e .  The t e n s i l e  shea r  s t r e n g t h  of welds 
made a t  t hese  cond i t ions  i s  s t a t e d  t o  be about 350 pounds. The t e n s i l e  
shea r  s t r e n g t h s  obta ined  dur ing  t h i s  program t h e r e f o r e  compare w e l l  w i th  
welds made by accepted p r a c t i c e s .  
For  a l l  t h r e e  welding t i m e s ,  t h e  t e n s i l e  shea r  s t r e n g t h  w a s  
s i g n i f i c a n t l y  h ighe r  f o r  welds made wi th  300 pounds e l e c t r o d e  fo rce .  
A t  the  s a m e  welding c u r r e n t  and e l e c t r o d e  f o r c e ,  t h e r e  w a s  no b a s i c  d i f f e r e n c e  
i n  t e n s i l e  shear  s t r e n g t h  between t h e  welds made i n  a i r  and t h e  welds made 
i n  a vacuum. Changes i n  welding t i m e  changed t h e  t e n s i l e  shea r  s t r e n g t h  
of aluminum welds less than  t h a t  ob ta ined  wi th  t h e  o t h e r  a l l o y s .  The 
welds made a t  30 cyc le s  i n  a vacuum t h a t  had no shea r  s t r e n g t h  a r e  be l ieved  
anomalous; t h e r e  i s  no good reason why a weld could be made a t  t h i s  same 
cond i t ions  a t  15 cyc le s  bu t  no t  a t  30 c y c l e s .  
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304 S t a i n l e s s  S t e e l  Alloy. The s t a i n l e s s  steel welding d a t a  
w e r e  t h e  most c o n s i s t e n t ,  poss ib ly  because t h e  s u r f a c e  was  degreased 
r a t h e r  t han  chemical ly  c leaned p r i o r  t o  welding. A s  a r e s u l t ,  the  sur -  
f a c e  w a s  uniformly oxid ized  and w a s  n o t  a f f e c t e d  by d i f f e r e n c e s  i n  t i m e  
between c l ean ing  and welding. 
F igu res  7, 8, and 9 p l o t  t h e  r e s u l t s  ob ta ined  wi th  s t a i n l e s s  
s teel .  
a t  50 c y c l e s ,  s i n c e  t h e  r e s u l t s  i n  a i r  showed only  marginal  b e n e f i t s  
from i n c r e a s i n g  welding t i m e  above 30 cyc le s .  
f o r  welding 0.062-inch-thick s t a i n l e s s  are 11,000 amperes f o r  10 cyc le s  
wi th  1500 pounds welding f o r c e .  T e n s i l e  s h e a r  s t r e n g t h s  of 2400 t o  2900 
pounds are expected a t  t h e s e  cond i t ions .  
ob ta ined  f o r  s t a i n l e s s  steel  dur ing  t h i s  program compare w e l l  w i th  t h e s e  
f i g u r e s  . 
No d a t a  were obta ined  f o r  welding s t a i n l e s s  steel  i n  a vacuum 
Recommended* cond i t ions  
The t e n s i l e  s h e a r  s t r e n g t h s  
Below 7000 amperes, h i g h e r  t e n s i l e  s h e a r  s t r e n g t h s  were ob ta ined  
wi th  lower e l e c t r o d e  f o r c e s .  A t  c u r r e n t s  above 8000 amperes, i n c r e a s i n g  
t h e  e l e c t r o d e  f o r c e  from 300 to 1440 pounds d i d  n o t  r e s u l t  i n  an appre- 
c i a b l e  change i n  t e n s i l e  shea r  s t r e n g t h .  
i n c r e a s i n g  t h e  c y c l e  t i m e  from 10 t o  30 t o  50 cyc le s  r e s u l t e d  i n  s i g n i f i c a n t  
i n c r e a s e s  i n  weld t e n s i l e  s t r e n g t h .  The t e n s i l e  s h e a r  s t r e n g t h  a t  any 
g iven  c u r r e n t  i nc reased  a t  least  500 pounds when t h e  welding t i m e  w a s  i n -  
c reased  from 10 t o  30 c y c l e s .  A g e n e r a l  i n c r e a s e  i n  shea r  s t r e n g t h  of 
200 pounds a t  any g iven  c u r r e n t  w a s  noted when t h e  welding t i m e  w a s  
changed from 30 t o  50 cyc le s  + 
Unlike t h e  aluminum welds, 
There was no s i g n i f i c a n t  d i f f e r e n c e  i n  t e n s i l e  shea r  s t r e n g t h  
between welds made i n  air os  i n  a vacuum a t  t h e  same welding c u r r e n t ,  
welding t i m e ,  and e l e c t r o d e  f o r c e .  The curves shown i n  F igures  7 ,  8, and 
9 are s t r i k i n g l y  similar.  
Ti-6A1-4V Alloy. The d a t a  f o r  t h e  t i t a n i u m  a l l o y  welds showed 
some scatter b u t  v a r i a t i o n s  were no t  as g r e a t  as f o r  t h e  aluminum welds. 
F igures  LO, 12, and 1 2  p l o t  s h e a r  s t r e n g t h  ve r sus  weld c u r r e n t  a t  10, 
30, and 50-cycle welding t i m e s .  Condi t ions recommended** f o r  Ti-6Al-4V 
al loys.  are 10,600 amperes f o r  10 cyc le s  wi th  1500 pounds welding f o r c e .  
T e n s i l e  shea r  s t r e n g t h s  of 5000 poundsare. expected a t  t h e s e  c o n d i t i o n s .  
Titanium welds made i n  a i r ,  us ing  t h e  above cond i t ions ,  dur ing  t h i s  pro- 
gram had t e n s i l e  shea r  s t r e n g t h s  ranging  from 3900 t o  4200 p s i .  
of v a r i a t i o n  w a s  no t  determined,  b u t  i s  most l i k e l y  due t o  c u r r e n t  v a r i a -  
t i o n s .  Welds wi th  t e n s i l e  shea r  s t r e n g t h s  s l i g h t l y  over  5000 pounds w e r e  
made dur ing  t h e  program us ing  s l i g h t l y  d i f f e r e n t  welding cond i t ions .  
The cause 
* Res i s t ance  Welding Manual, Volume I, 3rd E d i t i o n  (1956) 
** Nolen, R. K . ,  Rudy, J. F , ,  Schwartzbart ,  H. ,  and Kessler, H.  D., "Spot 
Welding of l'i-6A1-4V", Welding J o u r n a l  Research Supplement, 37 ( 4 )  
129s-137s (Apr i l ,  1958). 
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L L  
The t i t a n i u m  welds showed t h e  most s i g n i f f c a n t  v a r i a t i o n  between 
welds made i n  a i r  and i n  a vacuum. A s  F igures  10, 11, and 1 2  show, t h e  
c u r r e n t  ob ta ined  a t  t h e  same machine s e t t i n g s  w a s  1500 t o  2000 amperes 
g r e a t e r  f o r  welds made i n  a vacuum. 
t e n s i l e  s h e a r  s t r e n g t h s  than  t h e  welds made i n  a i r  except  when the  weld- 
i n g  t i m e  w a s  50 cyc le s .  
of changing t h e  e l e c t r o d e  f o r c e  w a s  s l i g h t .  However, a t  50 c y c l e s ,  t h e  
welds made i n  a i r  showed a d e f i n i t e  i n c r e a s e  i n  s t rength(approximate1y 
1300 pounds as t h e  e l e c t r o d e  f o r c e  increased  from 300 t o  1440 pounds). 
A l s o ,  a t  50 c y c l e s ,  t h e  t e n s i l e  s h e a r  s t r e n g t h s  of t h e  welds made i n  a 
vacuum were c l o s e s t  t o  t h e  s t r e n g t h  of welds made i n  a i r .  
The welds made i n  a vacuum had lower 







Weld expuls ion  is  o f t e n  regarded as u n d e s i r a b l e  i n  s p o t  welding 
ope ra t ions  where h igh  r e l i a b i l i t y  i s  des i r ed .  
us ing  h igh  e l e c t r o d e  f o r c e s  o r  low welding c u r r e n t s .  
by which welds are judged i s  the s p o t  shea r  s t r e n g t h ,  expuls ion  i s  of 
l i t t l e  concern. 
i n  a i r  only w h e q t h e  e l e c t r o d e  f o r c e  w a s  300 pounds ( t h e  lowes t  f o r c e  
s t u d i e d )  and when t h e  c u r r e n t  w a s  21,000 amperes o r  above. 
F igures  4 ,  5, and 6, t h e  h-ighest weld s t r e n g t h s  w e r e  achieved a t  those  
cond i t ions  where expuls ion  occurred.  
t a i n e d  expuls ion  only  when welded wi th  300 pounds e l e c t r o d e  fo rce .  
Expuls ion can be  avoided by 
I f  t h e  on ly  c r i t e r i o n  
Expulsion was found t o  b e  a s s o c i a t e d  wi th  aluminum welds 
A s  shown i n  
The weldments made i n  a vacuum con- 
The s t a i n l e s s  steel  welds i n  air  showed expuls ion  a t  t h e  h ighe r  
A t  660 pounds, expuls ion  began 
c u r r e n t s  a t  all e l e c t r o d e  f o r c e s  except  1440 pounds. 
pu l s ion  began a t  3600 amperes, 50 c y c l e s ,  
a t  7700 amperes ,  10 cyc le s .  A t  1040 pounds, expuls ion  began a t  5600 
amperes, 30 cyc le s .  
expuls ion  only  a t  e l e c t r o d e  f o r c e s  of 660 pounds and below. 
A t  300 pounds. ex- 
The stainless steel weldments made i n  vacuum shoved 
The t i t an ium weldments showed no expuls ion  a t  any of t h e  
cond i t ions  s tud ied .  
Weld Qua l i ty  
The weld q u a l i t y  was eva lua ted  by radiography and i n s p e c t i o n  of 
po l i shed  weld s e c t i o n s .  
n o t  provide  much a d d i t i o n a l  d a t a .  
The i n i t i a l  s t a i n l e s s  s t ee l  weld s e c t i o n s  d i d  
Therefore ,  s e c t i o n i n g  w a s  d i scont inued .  
Radiography 
Radiography d i d  no t  reveal any d e t e c t a b l e  d i s c o n t i n u i t i e s  i n  
e i t h e r  aluminum o r  t i t a n i u m  welds.  
The s t a i n l e s s  steel  welds gene ra l ly  contained vo ids  i n  t h e  
c e n t e r  of t h e  weld ranging from 0.008 t o  0.25 inch  i n  l eng th  o r  diameter .  
The only  welds c o n s i s t e n t l y  f r e e  of vo ids  w e r e  made wi th  an  e l e c t r o d e  
f o r c e  of 1440 pounds. 
cyc le  t i m e  w a s  i nc reased .  
e l e c t r o d e  f o r c e  showed :the Eol loviqg vo ids  : 
The void  s i z e  inc reased  when wcld c u r r e n t  a t  any 
For example, t he  welds made i n  a i r  a t  1040 pounds 
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Cycles S e t t i n g ,  cyc le s  
Current  10  30 50 
No vo ids  (no weld) No vo ids  No vo ids  4,000 
5,600 1/64-in.  circle 1/32-in. circle 1/16-in.  e l l i p s e  
T h e ' c i r c u l a r  vo ids  w e r e  found to  have a maximum diameter  of 1/16 inch .  
The e l l i p t i c a l  vo ids  were as s h o r t  as 1/32 inch  and as long as 1 / 4  inch .  
The s t a i n l e s s  s tee l  welds made i n  a vacuum contained radio-  
g r a p h i c a l l y  v i s i b l e  vo ids  i n  almost every weld. 
of 1440 pounds, most of  t h e  welds contained small vo ids .  
w a s  erratic.  
and lowest  c u r r e n t s  were void f r e e .  
1/32-inch-diameter circles.  
Even a t  a n  e l e c t r o d e  f o r c e  
Void formation 
A t  one set  of  cond i t ions ,  only t h e  welds made a t  t h e  h i g h e s t  
The vo ids  were t y p i c a l l y  1/16 t o  
Microscopic Examination 
A microscopic  s tudy  of 20 s t a i n l e s s  steel  spot-weld s e c t i o n s  
gave such l i m i t e d  r e s u l t s  t h a t  s e c t i o n i n g  w a s  s topped ,  
t i o n a l  e f f o r t  w a s  spen t  p repa r ing  and t e s t i n g  welds.  
b e  de t ec t ed  between welds made i n  air  o r  i n  a vacuum when t h e  weld<llg 
cond i t ions  were simllar,  as shown i n  F igures  13 and 14.  The 'voids shown 
i n  t h e s e  specimens are l a r g e r  than  t h e  average vo id  s l z e  found by radio-  
graphy i n  s t a i n l e s s  steel welds .  There i s  no evidence that the welding 
atmosphere a f f e c t e d  the amount of weld expuls ion  o r  the s i z e  of i n t e r n a l  
weld voids .  
w a s  a t t r i b u t e d  t o  t h e  des ign  of t h e  e l e c t r o d e  coo l ing  system i n  which 
water flowed on ly  when t h e  welding began. 
c i e n t l y  g r e a t  t h a t  t h e  nugget formed i n i t i a l l y  w a s  q u i t e  t h i c k .  
water flowed through t h e  e l e c t r o d e s ,  a p o r t i o n  of t h e  nugget w a s  s o l i d i -  
f i e d  (even wh i l e  t h e  c u r r e n t  flowed) due t o  the i n c r e a s e  i n  heat s i n k  
provided by t h e  e l e c t r o d e s .  F igu re  15 shows one of t h e  welds made i n  
a i r .  The en larged  view of one end of  t h e  weld i l l u s t r a t e s  the t y p i c a l  
columnar s t r u c t u r e  of t h e  weld, t h e  p a r t i a l l y  melted g r a i n s  a t  t h e  
fusion-zone boundary, and t h e  en larged  g r a i n s  i n  t h e  weld hea t - a f f ec t ed  
zone. However, t h e  weld contained a cons ide rab le  number of microscopic  
vo ids  a t  t h e  nugget c e n t e r  as Figure  16  shows. 
ranged i n  s i z e  from i r r e g u l a r  vo ids  as long as 0.002 inch  t o  s m a l l  
rounded vo ids  approximately 0.00003 inch  i n  diameter .  
I n s t e a d ,  addi- 
No d i f f e r e n c e  could 
The welds show a "ghost" o u t l i n e  on t h e  top  and bottom, T h i s  
The weld cyc le s  w e r e  s u f f i -  
A s  coo le r  
The i n t e r d e n d r i t i c  vo ids  
Mode of Specimen F a i l u r e  
The ma jo r i ty  of the weld specimens f a i l e d  dur ing  t e s t i n g  by 
shear a t  the  o r i g i n a l  i n t e r f a c e  between t h e  two p ieces  of s h e e t .  This  










(a> I n t e r f a c e  F a i l u r e  
(b) Weld Button 
(c) P a r t i a l  But ton 
FIGURE 1 7 ,  MODES OF FAILURE FOR ALUFfINUM AND 






The aluminum welds made i n  a i r  d i d  form "buttons1' o r  
" p a r t i a l  bu t tons"  when t h e  h i g h e s t  s t r e n g t h  specimens f a i l e d .  "Buttons" 
were formed when a crack f i r s t  occurred i n  t h e  hea t - a f f ec t ed  zone of t h e  
weld and then  e n c i r c l e d  t h e  weld b u t t o n  completely as shown i n  F igure  17b. 
" P a r t i a l  bu t tons"  occurred  when a crack  i n  t h e  hea t - a f f ec t ed  zone grew 
t o  form a three-cornered type  tear, as shown i n  F igure  17c. The welds 
made i n  a vacuum a t  300 and 700 pounds e l e c t r o d e  f o r c e  formed bu t tons  a l s o .  
The s t a i n l e s s  steel  welds formed bu t tons  during t e n s i l e  t e s t i n g  
only  i f  they were welded a t  c u r r e n t s  of 7500 amperes and above and w i t h  
welding times of  30 cyc le s  o r  g r e a t e r .  A l l  of t h e  welds made a t  10,500 
amperes formed weld bu t tons .  
The t i t an ium welds f a i l e d  i n  a n  e n t i r e l y  d i f f e r e n t  manner, 
as shown i n  F igu re  18. The type  of f a i l u r e  shown i n  F igure  18b w a s  t yp i -  
cal of welds made i n  a i r  and vacuum a t  c u r r e n t s  of a t  least  5600 amperes 
and a t  30 cyc le s  welding t i m e .  
E f f e c t  o f  Pumping T i m e  
A l i m i t e d  number of specimens w e r e  p repared  and p laced  i n  t h e  
welding chamber f o r  extended pumping p r i o r  t o  welding. The i n t e n t  of th is  
work was t o  determine whether welding cond i t ions  changed wi th  prolonged 
exposure t o  a vacuum. The r e s u l t s  are shown i n  F igu re  1 9 .  The v a r i a t i o n  
i n  t h e  measured welding c u r r e n t  f o r  each material w a s  s l i g h t  except  f o r  
t i t an ium where t h e  welding c u r r e n t  w a s  7300 t o  7400 amperes i n i t i a l l y  and 
7500 t o  7800 amperes f o r  t h e  l a s t  welds . -  The welds were a l l  made a t  t h e  
lower e l e c t r o d e  f o r c e s .  
Other Resu l t s  
Measurements were made of t h e  s h e e t  s e p a r a t i o n  and t h e  
th i ckness  of t h e  s p o t  weld a t  t h e  i n d e n t a t i o n .  
showed l i t t l e  d i f f e r e n c e  i n  t h e s e  measurements between welds made i n  a i r  
and i n  vacuum. However, f o r  t h e  aluminum welds,  t h e r e  w a s  a n  i n d i c a t i o n  
t h a t  t h e  s h e e t  s e p a r a t i o n  w a s  g r e a t e r  i n  a vacuum. 
Analys is  of t h e s e  d a t a  
The i n d e n t a t i o n  w a s  found t o  be  dependent on t h e  weld c u r r e n t  
only a t  lower va lues  of e l e c t r o d e  f o r c e .  
by f e e l e r  gauges a t  t h e  edge of t h e  specimen. 
independent of t h e  welding v a r i a b l e s  and w a s  n o t  a means of c o n s i s t e n t l y  
i n d i c a t i n g  whether weld expuls ion  had occurred.  
The s h e e t  s e p a r a t i o n  w a s  measured 
The s e p a r a t i o n  seemed t o  b e  
Slope Control  
A l i m i t e d  number of welds w e r e  made i n  aluminum us ing  
Table  3 p r e s e n t s  d a t a  from t h e s e  welds and compares t h e  e f f e c t  downslope. 
of s l o p e  on t h e  t e n s i l e  s h e a r  s t r e n g t h .  
between welds made wi th  o r  wi thout  s lope .  
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Stage  1 
Crack in Heat- 
Affec ted  Zone 
FIGURE 18. 
(a) I n t e r f a c e  F a i l u r e  
-- -- 
Stage  2 S tage  3 
Crack Extended Crack Extended 
I n t o  Weld Across Specimen 
(b) Sheet  and Weld F a i l u r e  
MODES OF FAILURE FOR Ti-6A1-4V WELDS 
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The fo l lowing  s e c t i o n s  d i s c u s s  t h e  s i g n i f i c a n c e  of t h e  r e s u l t s  
of th is  program i n  provid ing  informat ion  t o  determine t h e  f e a s i b i l i t y  
of r e s i s t a n c e  s p o t  welding i n  space .  
E f f e c t  o f  Vacuum Environment 
The e f f e c t  of t h e  vacuum environment v a r i e d  depending upon 
the a l l o y .  For aluminum a l l o y s ,  theze  were no s i g n i f i c a n t  d i f f e r e n c e s  
i n  t e n s i l e  s h e a r  s t r e n g t h  f o r  welds made wi th  t h e  same cond i t ions  i n  a i r  
and i n  vacuum. The aluminum a l l o y  welds made i n  vacuum tended t o  promote 
expuls ion  a t  s l i g h t l y  lower c u r r e n t s  than  did those  made i n  a i r .  The ef- 
f e c t  of prolonged pumping t i m e  w a s  n o t  determined with c e r t a i n t y ,  b u t  i t  
would appear  t h a t  aluminum specimens welded after extended exposure t o  
vacuum might poss ib ly  have lower t e n s i l e  s t r e n g t h s  than specimens 
welded a f t e r  on ly  a s h o r t  exposure t o  a vacuum. 
The s t a i n l e s s  steel  welds showed a p o s s i b l e  s l i g h t  i n c r e a s e  
i n  t e n s i l e  shea r  s t r e n g t h  a t  t h e  same machine s e t t i n g s  when welded i n  vacuum. 
Expulsion and X-ray d i s c o n t i n u i t i e s  w e r e  about  t h e  same i n  both  environments.  
Vacuum pumping t i m e  d i d  n o t  a f f e c t  weld s t r e n g t h .  
The t i t an ium welds showed a d e f i n i t e  decrease  i n  weld t e n s i l e  
shear s t r e n g t h  when welds were made i n  a vacuum. 
obta ined  a t  t h e  same machine s e t t i n g  increased  as much as 3000 amperes 
when t h e  welds were made i n  a vacuum. 
F igures  10, 11, and 1 2  shows t h a t  welds made i n  a vacuum had a t e n s i l e  
s h e a r  s t r e n g t h  about  200 t o  500 pounds less than  t h e  welds made i n  a i r  
a t  t h e  same machine s e t t i n g s ,  except  a t  50 cyc le s  welding t i m e .  A t  50 
cyc le s ,  welds made a t  6500 amperes i n  a vacuum w e r e  as s t r o n g  o r  s t r o n g e r  
than  welds made a t  t h e  same machine s e t t i n g s  i n  a i r .  The t i t an ium welds 
w i t h  t h e  h i g h e s t  t e n s i l e  shea r  l oads  w e r e  made i n  a vacuum a t  50 c y c l e s .  
The fact  t h a t  none of the t i t an ium welds e x h i b i t e d  expuls ion  o r  rad io-  
g r a p h i c a l l y  d e t e c t a b l e  d i s c o n t i n u i t i e s  is encouraging. 
Also,  t h e  welding c u r r e n t  
y' 
Comparison of curves  drawn i n  
Fac to r s  Af fec t ing  Weld S t r eng th  
I n  ana lyz ing  t h e s e  r e s u l t s ,  i t  must b e  remembered t h a t  t h e  
t e n s i l e  shear s t r e n g t h s  are r epor t ed  i n  terms of t o t a l  pounds, n o t  pounds 
p e r  squa re  inch  of t h e  weld c r o s s  s e c t i o n a l  area i n  shea r .  
r e s u l t s  reflect  a n  i n c r e a s i n g  t e n s i l e  shea r  s t r e n g t h  f o r  i n c r e a s i n g  c u r r e n t  
because the weld area w a s  l a r g e r ,  no t  because the weld metal f a i l e d  a t  a 
h ighe r  stress. The only  d e f i n i t e  method f o r  determining c r o s s  s e c t i o n a l  
area would have been t o  s e c t i o n  each weld. However, s i n c e  t h e  des igner  
of s t r u c t u r e s  i s  more concerned wi th  t h e  s t r e n g t h  h e  can o b t a i n  p e r  weld, 
t h e  s h e a r  stresses were n o t  of g r e a t  i n t e r e s t  i n  t h i s  program, 
Most of t h e  
I n  gene ra l ,  i t  does n o t  seem t h a t  t h e  absence of gases  a t  the  
weld i n t e r f a c e  improves t h e  q u a l i t y  o r  the s t r e n g t h  of welds i n  materials 
such as aluminum and t i t an ium.  
t o  a vacuum a c t u a l l y  decreases  the  s p o t  weld s t r e n g t h  i n d i c a t e s  t h a t  t h e  
presence  of gases  dur ing  s p o t  welding may even b e  h e l p f u l .  For example, 
The p o s s i b i l l t y  t h a t  prolonged exposure 
33 
d a t a  has  been compiled(a) f o r  a t i t an ium a l l o y  showing t h a t  t h e  con tac t  
r e s i s t a n c e  inc reased  w i t h  exposure t o  a i r ,  
that a i r  and humidity had combined t o  form a s u r f a c e  oxide .  It is pos- 
s ib l e  that  exposure t o  a vacuum i s  s u f f i c i e n t  t o  decrease  t h e  amount of 
ox ide  hydra t ion ,  r e s u l t i n g  i n  a s u r f a c e  wi th  less con tac t  r e s i s t a n c e .  Also,  
t h e  o x i d a t i o n  that can occur a t  t h e  weld i n t e r f a c e  dur ing  t h e  i n i t i a l  
p o r t i o n  of nugget formation may a l s o  e x p l a i n  t h e  d i f f e r e n c e s  between 
welds made i n  vacuum and welds made i n  a i r .  There i s  a l s o  the poss ib i -  
l i t y  of oxide  d i s s o c i a t i o n  i n  a vacuum a t  h igh  temperatures .  Decreased 
c o n t a c t  resistance would e x p l a i n  t h e  incrkased  c u r r e n t  ob ta ined  when 
welds were made i n  vacuum. 
weld i n t e r f a c e  might n o t  have been as g r e a t  i n  a vacuum as i n  air  due t o  
the decreased r e s i s t a n c e  a t  t h e  i n i t i a l  i n t e r f a c e .  It is probable  t h a t  . 
the decreased s t r e n g t h  of  t i t a n i u m  welds i n  a vacuum w a s  due t o  a de- 
c reased  s p o t  weld area. Thus, t h e  u s e  of h ighe r  welding c u r r e n t s  could . 
probably produce s u i t a b l y  h i g h  welding s t r e n g t h s  i n  t i t an ium.  
The conclus ion  reached w a s  
This  would then  sugges t  t h a t  t he  h e a t i n g  a t  t h e  
Equipment Design f o r  U s e  i n  Space 
The d a t a  p l o t t e d  i n  F igures  4 through 12  i n d i c a t e  t h e  
cons ide ra t ions  t o  be  made when des igning  equipment f o r  welding i n  space.  
I f  the l o o s e  p a r t i c l e s  formed by expu l s ion  do n o t  create any problems 
i n  the a p p l i c a t i o n s  envis ioned .  then  a low e l e c t r o d e  f o r c e  of  about  
300 pounds is t h e  maximum requi red . I f  t h e r e  are l i m i t a t i o n s  on t h e  amount 
of power that  can b e  d e l i v e r e d ,  i t  would be  advantageous t o  provide  f o r  
welding times of up t o  0.85 second o r  more. 
p rovid ing  downslope c o n t r o l s .  S ince ,  i n  o u r  i n v e s t i g a t i o n  w e  observed no 
s t i c k i n g  of e l e c t r o d e s ,  i t  would appear  t h a t  s t anda rd  e l e c t r o d e  a l l o y s  
could be  used.  
There i s  no apparent  need f o r  
Welding c u r r e n t s  r equ i r ed  i n  a vacuum t o  make s a t i s f a c t o r y  
s p o t  welds are l i s t e d  below: 
0,032-Inch-thick 2014-T651 aluminum: 18,000 t o  23,000 amperes 
0,063-Inch-thick 304 s t a i n l e s s  steel: 4,000 t o  11,000 amperes 
0.063-Inch-thick Ti-6A1-4V: 5,000 t o  11,000 amperes. 
CONCLU S IONS 
(1) Spot welding is  a n  e x c e l l e n t  candida te  process  f o r  
j o i n i n g  2014 aluminum, 304 s t a i n l e s s  steel ,  and Ti-6Al- 
4V sheet i n  space.  
(2) Low e l e c t r o d e  f o r c e s  (about 300 pounds) produce welds 
w i t h  t e n s i l e  shear s t r e n g t h s  comparable o r  b e t t e r  than  
welds made a t  1500 pounds. N o  expuls ion  w a s  formed by 
t i t an ium,  b u t  t h e  aluminum and s t a i n l e s s  s teel  a l l o y s  
formed expuls ion  more r e a d i l y  a t  low e l e c t r o d e  f o r c e s .  
(a) Wu, K.  C . ,  and Krinke, T. A . ,  *'Resis tance Spot Welding of Titanium Alloy 
8A1-1Mo-1Vr', Welding J o u r n a l  Research Supplement, -4- (8),  365s-371s 




( 3 )  Welding t i m e s  of up t o  50 c y c l e s  (0.85 second) 
produce h i g h e r  s t r e n g t h  welds f o r  s t a i n l e s s  s tee l  
and t i t an ium than do welding times of LO cyc le s .  
v i s i o n  f o r  long welding t i m e s  would h e l p  decrease  the 
welding c u r r e n t  requirements  f o r  welding i n  space.  
Prolonged exposure t o  vacuum p r i o r  t o  welding tends  
t o  reduce t h e  t o t a l  load  a weld can s u s t a i n  i n  t e n s i l e  
shear f o r  both t i t an ium and poss ib ly  aluminum. 
may mean that  exposure t o  a vacuum f o r  pe r iods  of a few 
months would s u b s t a n t i a l l y  i n c r e a s e  t h e  welding c u r r e n t s  
r equ i r ed ,  
Pro- 
( 4 )  
This  
RE COMMENDAT I ON S 
Fur the r  s t u d t e s  should be conducted t o  more f u l l y  determine 
These s t u d i e s ,  how weld r e s i s t a n c e  s p o t  welding w i l l  perform i n  space.  
similar t o  t h e  one r epor t ed  here, should cover:  
(1) E f f e c t  of  exposure t o  vacuum on welding 
condi t tons  and weld s t r e n g t h  
(2) S e l e c t i o n  of va r ious  s u r f a c e  p r e p a r a t i o n  processes  
and eva lua t ion  of  t h e i r  e f f e c t  on welding cond i t tons  
. and weld p r o p e r t i e s  
(3) E f f e c t  of ambient temperatures  on welding cond i t ions  
and weld p r o p e r t i e s  (e .g . ,  room temperature  -f- 200 F) .   
These s t u d i e s  w e r e  n o t  w i t h i n  t h e  scope of t h e  r e p o r t e d  program and should 
b e  conducted i f  r e s i s t a n c e  s p o t  welding i s  t o  be  used f o r  j o i n i n g  i n  space. 
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expedi ted  the work a t  c r i t i ca l  moments and also endured t h e  u s u a l  end le s s  
t r o u b l e s  t h a t  plague a n  i n i t i a l  s e tup .  
w a s  i nva luab le .  
B i l l  
H i s  c o n t r i b u t i o n  t o  t h i s  program 
J i m  Furr  of t h e  Op t i ca l  and E lec t ron  Microscopy Div i s ion  pre- 
pared and photographed t h e  weld s e c t i o n s  shown, 
A l l  d a t a  and observa t ions  from t h i s  program are recorded i n  
Battelle Laboratory Record Book Number 24959. 
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